Abstract: The potential variance in feedstock costs can have signifi cant implications for the cost of a biofuel and the fi nancial viability of a biofuel facility. This paper employs the Grange Feed Costing Model to assess the cost of on-farm biomethane production using grass silages produced under a range of management scenarios.
. A question may be raised as to why energy should be spent converting methane to hydrogen (increasing the volume of the gas by a factor of three) and then using more energy to compress hydrogen to place in a vehicle.
Th us, it may be argued that methane and biomethane have more engineering merit as a transport fuel than hydrogen generated from methane. 1 Biogas can be produced from a wide range of feedstocks (e.g. agricultural crops, animal manure, organic fraction of municipal solid waste, organic wastes from food industries) through anaerobic digestion (AD) and can be upgraded to biomethane for use as a transport fuel. In recent years, dedicated energy crops (e.g. maize, grass, sugarbeet) have also been grown specifi cally for biogas production. In temperate regions, grassland in particular represents a signifi cant biomass resource for biogas production.
Recent research suggests that grass biomethane produces more fuel per hectare, has a superior energy balance, and is more sustainable (i.e. more greenhouse gas savings) than indigenous European fi rst-generation liquid biofuels such as wheat ethanol and rapeseed biodiesel. 2, 3 In addition, grass biomethane has been shown to be cost effi cient as a transport fuel if the appropriate government policy is in place. 4 Th e cost of biofuels is a very signifi cant issue for the transport industry. Feedstock costs can represent an important proportion of the fi nal biofuel cost and variance in feedstock costs can have a sizeable impact on the cost of a biofuel. Th us, there is a need to quantify the relationships between the cost of grass silage produced under scenarios of diff erent yields or choice of crop production inputs, and the total cost of the subsequently produced biomethane. In addition, the cost of producing gaseous biofuels needs to be assessed alongside liquid biofuels to generate some idea of the forward momentum of the transport fuel industry.
Th e aim of this paper is to assess the cost of on-farm biomethane production using grass silages produced under seven contrasting management scenarios and to relate these outcomes with the cost of industrially produced fi rst-generation ethanol from wheat grain and sugarbeet.
Grass silage production
The Grange Feed Costing Model (GFCM), developed by Teagasc (Irish Agriculture and Food Development Authority) to identify the relative costs of feeds produced for ruminants, is used in this analysis. 5 The GFCM is a static, spreadsheet-based, agro-economic simulation model for evaluation of the physical and financial performance of alternative feed crop production and utilization options in Ireland. The GFCM employs a fullcosting approach to calculate total feed cost and includes all production (e.g. sowing and crop management) and utilization (e.g. storage, labor, and feed-out) costs associated with the feed.
Background and model assumptions

Grassland in Ireland
Of the 4.2 million hectares of land used for agriculture in
Ireland, approximately 0.90 is devoted to grassland, and this provides most of the feed requirements of the ruminant population. 6, 7 High quality swards on fertile soils are generally dominated by perennial ryegrass (PRG), meadow grass, and white clover. 7, 8 In commercial agricultural practice, PRG is the most widely sown grass accounting for approximately 0.95 of forage grass seed sold. 9 For the purposes of this study, assumptions are based on a PRG-dominant permanent grassland sward.
Grass silage -ensiling
If grass is to be used as a feedstock for AD, it must be harvested and stored as silage to ensure year round availability and a predictable quality. Silage is currently made on 0.86 of Irish farms (ca. 1.24 million ha), and precision-chop silage (0.6 of national silage area) is usually chopped to a mean particle length of 2 to 10 cm. 10 Further chopping (<6 mm) would be required prior to AD to reduce the problems associated with fl oating herbage particles.
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Potential losses during ensilage which could impact the methane production potential include fi eld losses, effl uent production, fermentation losses in the silo and aerobic deterioration during storage and at feedout. 12 Th us, losses of 0.03 and 0.175 are assumed for harvesting (i.e. fi eld losses) and ensilage (including effl uent), respectively. 
Grassland management factors
Reseeding
Reseeding of permanent grassland is recommended to improve grassland productivity and yield, 17 and to provide a herbage more suitable for achieving a successful preservation during ensiling. 18 A reseeding rate of once every 10 years is assumed in this analysis with the crop assumed to be 5 years old (i.e. mid-point of the 10-year reseeding interval).
Direct sowing is the most common method of pasture establishment. Th e existing sward is sprayed off with glyphosate, then ploughed and allowed to senesce for 2 to 3 weeks before sowing. Th e land is then harrowed, rolled, and fertilized before sowing, and rolled again aft er sowing. A seeding rate of 33 kg/ha is assumed in this study. 17 
Fertilizer application
Current Teagasc recommendations for N, P, and K fertilization rates of permanent grassland managed for silage production (Table 1) form the basis of this analysis.
Fertilizer is applied in the least-cost combination of compound and single-nutrient inorganic fertilizer based on crop nutrient requirements and constrained by statutory limits.
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In traditional Irish grass-based ruminant production systems the progressive increase in the cost of fertilizer N contributes to the erosion of profi tability. 23 Th erefore, the valuable nutrient content of digestate from AD should be exploited, with application to grassland reducing the requirement for inorganic fertilizer. At present, however, there is limited information in the literature regarding digestate nutrient composition. An available N, P, and K digestate nutrient content of 2.1, 0.087, and 3.08 kg/t digestate is used in this study, with the assumption that 0.873 t digestate (~90 g DM kg) is produced per 1 t total feedstock (silage plus effl uent) digested (Tables 1 and 2 ). 20 Th is is based on a 70%
destruction of volatile solids in the digester (e.g. scenario 1 - Table 2 : 47,491 kg total feedstock/ha = 8,575 kg volatile solids (VS)/ha; 1 kg feedstock = 0.181 kg VS; @ 70% destruction of VS = 0.127 kg converted to biogas). 2 
Herbicides
Eff ective weed control in permanent grassland can be achieved through good management practices including eff ective drainage, grazing, cutting, and fertilizer application.
Herbicide is assumed to be applied once at crop establishment and this is included within the reseeding costs. Spot spraying costs are assumed to be included in the land charge.
Lime
Th e recommended optimum soil pH for grassland is 6.3 and grassland should be limed at least once every fi ve years. 19 An application rate of 2 t/ha is assumed in this study at a cost of €20 per tonne of ground lime (including spreading).
Harvesting regime
Harvesting for silage is assumed to take place twice per year (i.e. a two-cut silage harvesting regime) with the fi rst cut at the end of May and the second cut in mid-July following a seven-week regrowth period. For comparison purposes, a three-cut harvesting regime is also evaluated with the third cut taking place in late August. In both regimes the grassland would be grazed by livestock for the remainder of the growing season aft er the fi nal harvest for a Assumes a soil P and K index of 3 and a target dry matter yield of 12 t /ha for a two-cut harvesting regime. silage. Grass is assumed to be subjected to a minimal level of fi eld-wilting, to be harvested with a precision-chop harvester with no additive applied, and then ensiled beneath two layers of black polyethylene sheeting in a walled concrete bunker silo.
Stage of maturity at harvest
Th e stage of maturity of the plant at harvest will infl uence its potential energy yield. As a plant matures the increase in yield is accompanied by an increase in the content of indigestible fi ber and this has negative implications for the methane production potential of the ensiled crop. [28] [29] [30] Dry matter digestibility (DMD) values for the grass silages are taken from Teagasc fi eld trials (Table 2) . 31, 32 Default DMD losses during ensilage are assumed to be 0.02. 13 
Grass yield
Smit et al. reported that the highest grassland productivity in Europe is achieved in north-western Europe, while
Dillon reported Ireland has the potential to produce up to 0.20 more than much of the rest of western Europe. 33, 34 Th e yield data described in Table 2 are derived from Teagasc fi eld trials.
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Other factors
Land improvement costs, for example drainage, are assumed to be included in the land charge. Further chopping of the silage (6 mm) and the feedout of both silage and effl uent to the digester are apportioned to the operation of the AD plant and are not included in the total feedstock cost.
Management scenarios investigated
Th e cost of grass silage will vary from farm to farm and from region to region so that no single universally applicable value can be provided. Th us, seven contrasting scenarios were investigated to provide a range of values for the cost of grass silage:
1. Intensive farming enterprise with high inorganic fertilizer input (Table 1) , two-cut harvesting regime, high DM yield and assets 50% depreciated. 5. Extensive farming enterprise with surplus grass, utilizing digestate and with a low inorganic fertilizer input (Table 1) , and assets fully depreciated. 
Scenario outputs
Grass silage Table 2 outlines grass silage feedstock yield and digestibility data for both intensive and extensive scenarios as outlined. As expected, the extensive system with limited fertilizer input resulted in the lowest grass silage yield (6200 kg DM ha). The third cut of the intensive three-cut system provided a modest increased yield of 2694 kg DM ha compared with the two-cut system. Table 2 also outlines the importance of directing the silage effluent to the digester, thus reducing the potential losses associated with ensiling.
For scenarios 2 to 4, the costs associated with harvesting represent the largest single contribution to the total feedstock production cost, followed by the fertilizer cost and land charge (Fig. 1) . When the digestate is not used as a biofertilizer (Scenario 1), fertilizer costs (0.38) make up a greater proportion of the total production cost than harvesting (0. (Table 1) , respectively.
Despite the higher total feedstock yield with the three-cut system (Scenario 4), the relatively small yield from the third cut, coupled with higher harvesting costs and an increased land charge, combined to make this production system more expensive than the two-cut system (Scenario 2(b)). Th e relatively low yields of the extensive two-cut system (Scenario 5) also resulted in a slightly more expensive feedstock compared with the intensive two-cut system, despite the substantial savings in fertilizer costs.
Wheat and sugarbeet
Wheat grain and sugarbeet roots represent important feedstocks for ethanol production. Table 3 outlines the total feedstock cost of wheat and sugarbeet as determined using the GFCM. 
Production costs of indigenous irish biofuels
Grass biomethane
Smyth et al. carried out a rigorous analysis of an on-farm (137.5 ha) grass-to-biomethane facility. 4 Briefl y, the process involved the anaerobic digestion of grass silage to produce biogas (0.55 methane), upgrading of the biogas to biomethane (>0.97 methane) and injection into the natural gas grid. Th is allows for widespread distribution using existing infrastructure and for biomethane to be used as a renewable transport fuel in compressed natural gas (CNG) vehicles. Removing the cost of the feedstock (i.e. €0.0283/kWh), the cost of the grass biomethane production technology can be estimated to be €0.0737/kWh or €20.10/GJ (Table 4) .
Wheat ethanol
One tonne of wheat grain as harvested (200 g DM kg) is estimated to yield 374 L of ethanol. 36 Using the GFCM, the cost of producing wheat grain was estimated at €147/t feedstock (800 g DM/kg; Figure 2 . Grass silage feedstock costs per tonne total feedstock (silage + effl uent (Table 2) ; unless otherwise stated) and per tonne volatile solids (VS), with digestate being employed to reduce inorganic fertilizer inputs (unless otherwise stated).
signifi cant rise in the production cost of ethanol, equivalent to €0.88/l ethanol or €47.35/GJ.
Sugarbeet ethanol
One tonne of sugarbeet roots as harvested (240 g DM/kg) is estimated to yield 104 L of ethanol. 36 In the current study, the cost of producing sugarbeet was estimated at €37/t feedstock (232 g DM/kg; Table 3 (Table 4) . Th us the cost of producing ethanol based on a feedstock production cost of €16.82/GJ and a technology cost of €12.80/GJ is €29.62/GJ.
Comparison of technology costs
As already outlined, the wheat ethanol production technology cost is based on a 150 million l/annum facility, which is considered optimal internationally for cost-eff ective ethanol production. 36 Likewise, the sugarbeet facility is based on 75 million l/annum facility which is considered practical for ethanol production in Ireland as sugarbeet would be grown in a one-in-three-year rotation. 36 In contrast to these two facilities, the grass biomethane facility does not optimize economies of scale and is based on an on-farm system producing 450 000 m n 3 biomethane/annum (i.e. 60 m n 3 /h of biomethane). Th is is at the lowest economically viable scale for a biogas upgrading and injection facility. 4 Typically, facilities would be economically effi cient at 200 m 3 biomethane/h. Th e grass biomethane facility described here generates 16.6 terajoule (TJ)/a, so 95 such systems would be required to equal the fuel output of the sugarbeet ethanol facility. Unlike industrial ethanol production facilities, the biogas/biomethane industry is not centralized. Germany, for example, has ca. 6000 biogas plants throughout the country which are generally associated with relatively small catchment areas, rural employment and sustainable communities. 37 As a result, the technology cost is greater for the biomethane industry (€20.10/GJ) compared with ethanol from wheat grain (€15.70/GJ) and sugarbeet (€12.80/GJ). Th is cost may be reduced somewhat by largerscale systems, but this would require the transport of feedstock over much larger distances.
Comparison of feedstock costs
Grass silage represents the cheapest feedstock for biofuel production (Table 4) . At €19/t (Scenario 6 -bottom-quartile purchase price) the feedstock cost of grass silage (€/GJ of biofuel)
is half that of sugarbeet and wheat grain charged at the cost of production. When the cost of production is considered for all feedstocks, grass silage is also signifi cantly cheaper refl ecting reduced establishment and input costs. Even when the top-quartile purchase price for grass silage is considered and compared with the 2010 purchase price for wheat grain and sugarbeet, grass silage represents a cheaper feedstock.
Total biofuel cost
• Of the three biofuels examined, grass biomethane is the cheapest biofuel when grass silage is priced at the bottom-quartile purchase price (Scenario 6). • When considering the cost of production (full costing -GFCM), grass biomethane (€32.37/GJ biofuel; Scenario 2(b) -intensive two-cut system) is more expensive than sugarbeet ethanol (€29.62) but less expensive than wheat ethanol (€34.31).
• At the upper price range for the three feedstocks (i.e. €46/t grass silage, €250/t wheat and €55/t sugarbeet), grass biomethane is again more expensive than sugarbeet ethanol but less expensive than wheat ethanol.
Limitations of this analysis
One of the signifi cant benefi ts of biomethane is that injection into the natural gas grid allows for the gas to be readily distributed and sold to agents on the gas grid. For example, a compressed gas service station takes gas from the grid and pays the producer of biomethane. As such, the distribution system is in place and vehicles are not required to travel to the biomethane facility. In addition, the gas is transported for no extra energy cost as it is typically compressed to ca. 7 bar during upgrading. However, the gas must be further compressed before injection to a vehicle. In contrast, ethanol produced in a centralized facility must be transported signifi cant distances to its consumers, with additional energy and fi nancial costs. As with biomethane, the ethanol must also be dispensed at the service station. For both the gaseous and liquid biofuels described in this study, this costing has not been included. 
Conclusions
Of the grass silage production scenarios investigated in this study, the intensive two-cut system which utilized silage effl uent to supplement silage feedstock yield, and returned digestate to the land so as to reduce inorganic fertilizer costs, had the lowest grass silage production cost. Directing the silage effl uent stream to the digester (€4/t decrease in feedstock cost) and employing the digestate as a biofertilizer (€3/t decrease in feedstock cost) had a signifi cant impact on feedstock cost. Despite the higher total feedstock yield with the three-cut system, the higher fertilizer and harvesting costs made this feedstock production system more expensive than the two-cut system, suggesting that of the scenarios examined the two-cut intensive system represents the most economic option of producing silage for AD. Th e wide range of price values presented for the purchase of grass silage highlights the large variability in feedstock costs for biofuel production, while also indicating that in some instances it may be more economically viable to purchase feedstock from farmers at a low price. However, this strategy may compromise the security of feedstock supply.
Anaerobic digestion of farm-produced feedstocks is a technology that tends to be decentralized and based on relatively small catchment areas, promoting rural employment and sustainable communities. It contrasts with the present system of oil refi neries and even large renewable biorefi neries.
Th ere is considerable potential for a number of farmers, an existing co-operative of farmers, or a community to develop an anaerobic digester. Th e expected investment cost would be less than €2 million compared to the sugarbeet ethanol facility which would cost in the region of €70 million for a 75 million l/a facility. 4, 36 To match the output of the sugarbeet ethanol facility, 95 of these small-scale grass biomethane facilities would be required. As a result, the cost of this technology per unit of biomethane is expensive compared with the output of larger, industrial-scale wheat and sugarbeet ethanol facilities.
In this study, grass silage generated the cheapest biofuel when grass silage was priced at the bottom-quartile purchase price. When comparing grass silage, wheat grain and sugarbeet roots on a feedstock production cost basis using the Teagasc GFCM, sugarbeet ethanol was the cheapest biofuel (€29.62/GJ) followed by grass biomethane (€32.37/ GJ) and wheat ethanol (€34.31/GJ). Th e feedstock costs for the above three biofuels represent 0.57, 0.38, and 0.54 of the total biofuel cost, further highlighting the signifi cantly lower feedstock costs and higher technology costs of the small-scale on-farm grass biomethane production facility described.
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